Purpose. The objective of the present study is to investigate the diverse resistance determinants, their association with insertion sequence mobile elements and predilection of a particular clone for such associations in Acinetobacter baumannii.
INTRODUCTION
Acinetobacter baumannii is an important nosocomial human pathogen frequently causing intensive care unitrelated infections such as ventilator-associated pneumonia, bloodstream infections, meningitis, soft tissue and wound infections [1] . Its multidrug-resistant nature and ability to survive in the hospital environment have made it to emerge as the most successful opportunistic pathogen in recent years [1] . Permeability defects, synthesis of numerous b-lactamases (OXA type, MBL and extended spectrum of b-lactamase), overexpression of intrinsic b-lactamases (OXA-51-like and ADC) and efflux pumps are found to be major resistance mechanisms exhibited by A. baumannii [2] . Resistance to carbapenems and other b-lactam antibiotics is widespread among A. baumannii strains, and has not been explored completely due to the complex nature of the regulatory networks and acquisition systems. As reported in many instances, the presence of bla ADC and carbapenemase genes alone may not ensure existence of resistance towards cephalosporins and carbapenems [2] . However, the location of certain insertion sequence (IS) elements such as ISAba1 in the upstream regions of these resistance genes facilitates their overexpression by providing strong alternative promoters [2, 3] . Integration of IS elements upstream of ORFs may provide an additional strong promoter, which in turn leads to elevated expression of these ORFs [3] . Presence of ISAba1 with ADC and OXA-51-like encoding genes affords resistance towards new-generation cephalosporins and carbapenems [2, 3] . In addition to ISAba1, other IS elements such as ISAba4, ISAba10, ISAba16, ISAba125, ISAba825 and ISAba18 have also been identified upstream of different resistant genes, namely bla OXA-51 , bla OXA-23 , bla ADC-1 , bla OXA-58 and bla NDM-1 [3] [4] [5] . These mobile IS elements were known to have a pivotal role in inducing the overexpression of some resistant genes in addition to their primary role of disseminating b-lactamase genes [6] .
Production of 16S rRNA methyltransferases, which methylate 16S rRNA, was known to be pivotal for exerting resistance towards aminoglycoside antibiotics [2] . Disruption of efflux pumps has also been proven to be vital for developing resistance towards different classes of antibiotics including carbapenems [2] . We investigated the presence of various resistance determinants such as b-lactamases and their association with IS elements, presence of 16S rRNA methyltransferase genes and the intactness of genes constituting the operon of resistance-nodulation-cell division (RND) family efflux pumps in clinical isolates of A. baumannii from a tertiary care hospital.
METHODS

Bacterial strains
A total of 54 non-repetitive multidrug-resistant isolates were obtained from a tertiary care referral hospital, Pondicherry Institute of Medical Sciences (PIMS), Puducherry, India, during the period 2011-2012. The isolates were collected from various clinical sources, such as endotracheal aspirates, wounds, blood, urine, sputum, central line tip, drain tip and bronchoalveolar lavage. Standard biochemical tests and 16S rRNA gene sequencing and analysis were used to confirm A. baumannii in the study samples.
Antimicrobial susceptibility testing Antibiotic susceptibility testing was performed on 13 different therapeutically relevant antibiotics by Kirby-Bauer disk diffusion, and minimal inhibitory concentration (MIC) values were determined for nine selected antimicrobial agents according to CLSI guidelines [7] . A. baumannii ATCC 19606 was used as an additional reference control along with quality control strain Escherichia coli ATCC 25922. Antibiotics tested include amikacin (10 µg), ceftazidime (30 µg), ciprofloxacin (5 µg), cefuroxime (30 µg), cefepime (30 µg), meropenem (10 µg), netillin (30 µg), tobramycin (10 µg), piperacillin (100 µg), ampicillin/sulbactam (10 µg), levofloxacin, ofloxacin (30 µg) and chloramphenicol (30 µg) (Hi-Media Laboratories).
MIC values were determined for meropenem, colistin, tigecycline, ceftazidime, ceftriaxone, amikacin, tetracycline, gentamicin and tobramycin using the MIC E-strips (Hi-Media Laboratories). The isolates were considered susceptible to meropenem, tetracycline, gentamicin and tobramycin if the MIC was 4 mg l À1 and resistant if the MIC was !16 mg l
À1
. MIC breakpoint for ceftazidime is !32 mg l
, and for ceftriaxone and amikacin, the breakpoint is !64 mg l
. Isolates with a MIC value of >2 mg l À1 for colistin were considered to be colistin resistant. MIC breakpoints for tigecycline used here (resistance !8 mg l ) are those of breakpoints adopted by Pachón-Ib añez et al. [8] .
Phenotypic detection of metallo-b-lactamase production Phenotypic detection of metallo-b-lactamase (MBL) production was carried out using imipenem with and without EDTA Ezy MIC Strips (Hi-Media) according to the manufacturer's instructions. When the ratio of the value obtained for imipenem (IPM) and the value of imipenem+EDTA (IPM+EDTA) is more than 8 µg or if the zone is observed on the side coated with IPM+EDTA and no zone on the opposite side coated with IPM, the culture was considered as MBL positive.
PCR screening of b-lactamase and 16S rRNA methyltransferase encoding genes The presence of various b-lactamase genes such as cephalosporinase (bla ADC ), MBLs (bla IMP-1 , bla VIM-2 , bla NDM-1 , bla-SIM-1 ), carbapenem-hydrolysing oxacillinases (CHOs) (bla OXA-51 -like, bla OXA-23 -like, bla OXA-24 -like, bla OXA-58 -like) and an Ambler class b-lactamase (bla PER-1 ) was checked by PCR as described elsewhere 9, 10] (Table S1 , available in the online Supplementary Material). Among the positive samples, representative amplicons were chosen for sequencing. Detection of commonly reported 16S rRNA methyltransferase genes such as armA, rmtA, rmtB, rmtC and rmtD in A. baumannii was performed using specific primers mentioned in Table S1 .
Screening of IS elements
The presence of ISAba1, ISAba2 and ISAba125 upstream of b-lactamase genes was investigated in A. baumannii isolates with the forward primer of the insertion elements (ISAba1/ ISAba2/ISAba125) and the reverse primers of bla ADC-1 , bla OXA-51 , bla OXA-23 and bla OXA-58 (Table S1 ). In case of isolates having their b-lactamase genes linked with ISAba1 in the upstream region, all the amplicons were chosen for sequencing. In addition, PCR amplicons of full-length resistant genes from representative isolates carrying upstream ISAba1 were also cloned into pJET1.2 vector using a CloneJET PCR cloning kit (Thermo Scientific) and transformed into E. coli DH5a strain. The transformant colonies were selected on LB agar plates supplemented with ampicillin (100 mg l
À1
). The recombinant plasmids were isolated from the overnight-grown transformant colonies using a GeneJET Plasmid Miniprep Kit (Thermo Scientific) and sequenced (Macrogen). The sequences of the clones were analysed through nucleotide BLAST to confirm the association of b-lactamases with ISAba1 (www.ncbi.nlm.nih.gov/ BLAST/).
Detection of efflux pump-related genes
The presence of intact AdeABC and AdeIJK efflux pump genes was determined through PCR amplification of genes encoding the vital transporter component (adeB) of AdeABC efflux pump, the response regulator (adeR) and negative regulator (adeN) of AdeIJK pump. The primers are listed in Table S1 .
MLST analysis
Multilocus sequence typing (MLST) was carried out on 27 representative isolates following the Bartual scheme [11] . The results were analysed and the sequence types (STs) were assigned as listed in the pubMLST database (http:// pubmlst.org/abaumannii/). The new alleles and STs were submitted to the curator of the database and new ST numbers were allotted.
RESULTS
Patient details
The clinical sources from which the A. baumannii were isolated are endotracheal aspirate 37 % (n=20), wound 48 % (n=26), blood 6 % (n=3), sputum 6 % (n=3) and urine 3 % (n=2). For a total of 48 patients with A. baumannii infections, complete clinical information were available; for the remaining six patients, the information was incomplete, hence they were excluded from analysis. The study population had patients with ages ranging from 3 days to 78 years [(mean age±SD) 47.41±20.89, median age 49 years]. Among these, 42 were male (87.5 %) and six were female (12.5 %). The mean duration of patient's hospital stay was 20.27±13.01 with a median of 18.5 days. The majority of patients (79 %) had a hospital stay of more than 10 days while only 21 % stayed in hospital for less than 10 days. The number of patients referred to critical wards was high, and around 27 % of patients were on mechanical ventilation. A greater number of infected patients were also suffering from additional co-morbidities; this was identified as one of the main risk factors for A. baumannii infection. Around 60 % of the patients had additional co-morbidities that resulted in spiking of the infection. Inappropriate therapy was administered to a high number of patients (60 %), and most of them (n=29) developed additional complications during the course of treatment wherein change in antibiotic regimen was recommended after the microbiological investigations; clinicians were compliant about the recommendations.
Antimicrobial susceptibility testing
All the isolates were resistant to ceftazidime and cefuroxime (100 %), while they were completely susceptible to polymyxin B and tigecycline. Higher percentages of resistance were observed for cefepime (98 %), ciprofloxacin (94 %), piperacillin (94 %), chloramphenicol (89 %), levofloxacin (86 %), amikacin (86 %), ampicillin/sulbactum (86 %), meropenem (84 %), tobramycin (71 %), netilmicin (70 %) and norfloxacin (70 %). All isolates showed MIC values for meropenem of more than 32 mg l
À1
; among these, 40 isolates had relatively higher MIC, i.e. >256 mg l À1 . All the isolates were resistant to ceftazidime and ceftriaxone except PKAB12, which was susceptible to ceftriaxone. Although determining colistin MIC through microdilution method is preferable, we could perform only the E-test method due to certain operational constraints. All the isolates were susceptible to colistin except for two isolates, PKAB15 and PKAB19, which showed higher MIC values of 3 mg l
À1 by E-test. Twenty-seven isolates had an MIC value of 2 mg l À1 for colistin (Table 1) .
b-Lactamases and 16S rRNA methyltransferases Phenotypic MBL assay showed 11 (20 %) isolates to be positive, wherein only five of them had MBL genes (either bla NDM-1 , or bla IMP-1 or both) while the rest of them did not have any of the MBL genes screened. PCR results revealed the occurrence of common MBL genes bla NDM-1 (15 %) and bla IMP-1 (31 %) in a lesser proportion when compared to the CHOs, such as bla OXA-23 (81 %) and Ambler class b-lactamase bla PER-1 (81 %). None of the isolates showed amplification for bla VIM-2 and bla OXA-24 . Three of the isolates harboured the bla OXA-58 gene and eight of them carried bla NDM-1 . Sequencing analysis of bla OXA-51 -like genes revealed the presence of OXA-51 variants such as bla OXA-64 , bla OXA-65 , bla OXA-66 , bla OXA-69 and bla OXA-91 in our isolates.
Acinetobacter-derived cephalosporinase bla ADC gene was present in all of our isolates with four allelic variants detected. However, only 33 % of these isolates were associated with ISAba1. Analysis of these four variant bla ADC sequences revealed that most of the sequences were identical to bla ADC-30 , bla ADC-32 and bla ADC-73, though one novel variant was identified. This novel bla ADC variant was designated bla ADC-82 , and further analysis revealed 15 nucleotide differences leading to 13 synonymous and two non-synonymous mutations when compared with a closest variant bla ADC-79 . In non-synonymous mutations, the amino acid changes observed are V286L and N287E. ADC-82 had four amino acid substitutions (G24D, S167P, N287E, T341E) in comparison to the other variants observed in the study, namely ADC-73 and ADC-30, and an additional substitution R283F when compared with ADC-30 and ADC-32 proteins. This study also identified two more additional substitutions in ADC-82, i.e. F185V and T270A, when compared with only ADC-32. However, no phenotypic differences were observed between the isolates (n=18) with ISAba1 upstream of bla ADC and those that did not have ISAba1 (n=36), and between the different ADC types detected; all were invariably resistant to a wide spectrum of cephalosporins. The majority of the isolates (87 %) were positive for armA gene while only one isolate had rmtC gene. Three other methyltransferase genes (rmtA, rmtB and rmtD) were completely absent from our collection of isolates.
IS elements and associated b-lactamase genes Among the three IS elements screened, apart from ISAba1, no other IS elements were detected in the isolates. ISAba1 was identified to be present in the upstream regions of bla OXA-51 , bla OXA-23 and bla ADC . Sixty-eight percent of the bla OXA-23 -positive isolates were associated with ISAba1, and 30 % of isolates showed the presence of ISAba1 in the upstream region of bla OXA-51 . Thirty-three percent of the bla ADC -positive isolates were associated with ISAba1 ( Table 1) . None of the other insertion elements, such as ISAba2, ISAba3 and ISAba125, were detected upstream of bla NDM-1 and bla OXA-58 . Representative amplicons of bla ADC , bla OXA-66 and bla OXA-23 with ISAba1 cloned into pJET1.2 vector were confirmed to have ISAba1 in their upstream regions through sequencing gene segment encompassing the full length of ISAba1 and b-lactamase gene. The novel variant bla ADC-82 detected in the study also had ISAba1 in its upstream region.
Efflux system-mediated resistance mechanisms
The presence of adeB, a major component of AdeABC efflux system and the response regulator adeR, indicates the possible efflux of antibiotics leading to drug resistance in A. baumannii. Almost all (96 %) of the isolates showed positive for the presence of adeR and 85 % had intact adeB in them. Disruption of the AdeIJK efflux pump regulator adeN was observed in six isolates (PKAB07, 14, 15, 16, 31 and 61). Inactivation of adeN was due to the insertion of ISAba1 within the ORF, which was confirmed by sequencing.
Sequence type distribution
MLST results revealed the presence of a diverse array of STs, among which ST 195 was high in number (n=6), followed by ST 447 (n=4) and ST 581 (n=3 each). Some strains had new allelic profiles implying that they are novel STs, which were designated with new ST numbers (STs 578, 579, 580, 581, 582 and 583) by the curator of the pubMLST database after our submission. The details of STs including newly assigned STs encountered in the present study are given in Table 1 .
DISCUSSION
The present investigation was a follow-up study of our earlier report on the emergence of carbapenem resistance in MDR strains of A. baumannii in our geographical region [12] . The rate of resistance for multiple antibiotics was gradually increasing, wherein the isolates collected during 2008-2009 were more susceptible towards ceftazidime, cefepime, levofloxacin and norfloxacin than the isolates of the year 2011-2012. Susceptibility rates seem to have been decreasing steadily with every passing year as the isolates of 2011-2012 showed 20 % more resistance to ceftazidime, cefepime and netilmicin and an almost 80 % increase in resistance towards levofloxacin and norfloxacin. Susceptibility towards quinolones was previously attributed to underusage in PIMS hospital, which was not the case in later years as we witnessed a steep reduction in quinolone susceptibility.
Prolonged hospital stay (>10 days), mechanical ventilation and high number of patients with co-morbidities are the main causes for the spike of A. baumannii infections in our set-up. Further, inappropriate therapy leading to additional complications during the course of treatment in the hospital is of much concern. Past yearlong retrospective studies have shown that previous exposure to multiple antibiotics and severity of ventilator-associated pneumonia in critically ill patients are the main risk factors for acquisition of drug-resistant A. baumannii infection, which is also a significant cause for increased morbidity and mortality among patients [12] . Besides, patients on mechanical ventilation and lengthy hospital stay are always associated with increased risk of A. baumannii infection [13] . Complete resistance to carbapenems encountered in this study indicates that either one has to withdraw the regime of carbapenem therapy completely, or to recommend a combination therapy having mainly colistin together with limited use of a carbapenem.
The moderate presence of bla PER-1 among 2008-2009 isolates reflected their lesser significance in our set-up when compared to other classes of b-lactamases [12] . However, later when 2011-2012 isolates were analysed, around 81 % of them harboured bla PER-1 , indicating rapid dissemination of this resistance determinant, probably acquired from Pseudomonas aeruginosa which were known to have bla PER-1 predominantly as reported elsewhere [14] . With respect to MBLs, more than 40 % of isolates of the 2008-2009 collection were bla IMP-1 positive, though their number was reduced to 31 % during later years (2011-2012 onwards), and this is incomprehensible. Nevertheless, one can perceive that among the various b-lactamases, A. baumannii isolates prefer OXA type for carbapenem resistance as their numbers are progressively increasing. None of our isolates had bla SIM-1 and bla VIM-2 . It is not so surprising that we have not encountered any bla SIM-1 -positive strains in our collection since many investigations from 2005 onwards failed to detect them in A. baumannii [15] . Since bla-VIM-2 is predominant in neighbouring countries, the present study investigated it and, similar to our earlier observation, none of our isolates showed the presence of bla VIM-2 [12] . We have not encountered bla NDM-1 during 2008-2009; however, a small number (n=8) of A. baumannii isolates collected during 2011-2012 were positive for bla NDM-1 , indicating their recent emergence.
OXA-51-like and OXA-58-like have been reported more from the western hemisphere whereas OXA-23-like, OXA-24-like and OXA-51-like are more common in the Asian continent [10] . The present study observed a variant of OXA-51-like, namely OXA-66, which was predominantly seen in China [10] . All the isolates carried bla OXA-51 -like (OXA-66), but none had the bla OXA-58 allele in the 2008-2009 isolates [12] . However, in 2011-2012, we could observe three isolates carrying the bla OXA-58 allele. Though bla OXA-58 -like genes have been reported from Europe, North and South America and West Asia, they have little prominence in our geographical region [16] . Though there was less incidence of OXA-24 initially during 2008-2009, the later part of this study showed their surefire emergence; a similar trend was reported from other parts of India [17] .
The most prevalent IS reported is ISAba1 in many countries, which was detected upstream of bla ADC , bla OXA-51 -like and/or bla OXA-23 -like genes [18, 19] . In our study, there was also a positive correlation between the occurrence of ISAba1 and its association with bla ADC and bla OXA-23 wherein 10 out of 14 ISAba1-bla ADC positives harboured ISAba1-bla OXA-23 , thus revealing their association between the resistance markers in these isolates. Different types of ADC (bla ADC-29 to bla ADC-33 ) that are related to our variants were first identified by Park et al. [20] in Korean hospitals [20] . Among these, two variants (ADC-30 and ADC-32) were predominantly found in this study. Divergent allelic variants of bla ADC gene observed in this study indicate the increasing diversity of A. baumannii clones. Also, ISAba1 linked highly variant ADC phenotype (ADC-82) that belonged to ST234 adds to the burgeoning number of bla ADC variants reported worldwide. This study observed an increasing number of associations of ISAba1 with diverse resistance determinants augmenting higher resistance, which is a worrisome development as these mobile genetic elements may aid rapid and wider dissemination of resistant genes, ultimately leading to clonal expansion of MDR A. baumannii.
The present study attempted to investigate the presence of various resistant genes that encode 16S rRNA methyltransferases (armA, rmtA, rmtB, rmtC and rmtD) leading to aminoglycoside resistance in A. baumannii which are not often investigated in this region. High-level aminoglycoside resistance (HLAR) has been noted in many countries in Asia, and a recent study from China reported a continuous increase in the rates of HLAR in A. baumannii isolates that ranged from 52 % during 2006 to 71 % in 2009 [21] . Results for aminoglycoside resistance were in accordance with global trends, which found armA to be the only 16S rRNA methyltransferase gene detected in HLAR A. baumannii [22] . Most of the investigations have reported the complete absence of rmtB and rmtC in A. baumannii, though they are observed in other Gram-negative bacteria belonging to Enterobacteriaceae. Interestingly, our study witnessed a single isolate (PKAB05) showing the presence of rmtC. PKAB05 was resistant to aminoglycoside antibiotics, and it was isolated from a patient suffering from severe septicaemia, which is remarkable. Co-existence of bla OXA-23 with bla NDM-1 and armA was earlier reported from India and Egypt [23, 24] . Such co-existence is true in our case too, wherein among the eight bla NDM-1 -positive isolates, seven were harbouring all three genes together, confirming the positive correlation among these three resistance determinants.
Efflux pumps have multifactorial roles; however, fluxing drugs out of the cell appears to be their main function, thereby leading to the development of resistance to antibiotics in bacteria. Though there are many efflux pumps reported in A. baumannii, AdeABC and AdeIJK are the two RND systems that are very well characterized and reported to confer MDR in A. baumannii [25, 26] . Eighty-seven percent of isolates were found to have intact gene components of AdeABC in this study; however, around seven isolates did not have intact adeB thereby indicating a defect in this system. All seven isolates in which we found disrupted or absence of adeB expectedly had very high MICs (>256 mg l
À1
) for more than three classes of antimicrobials. AdeIJK is controlled by a TetR transcriptional regulator, which is commonly referred to as AdeN. AdeN is known to be involved in the regulation of the expression of efflux systems by their repressor activity when they interact with a suitable ligand by their ligand binding domain leading to the conformational change that interferes with their DNA-binding ability [27] . A deletion of 73 bp in adeN causes premature termination of translation, resulting in an inactive truncated AdeN protein, which also relieves the repressor activity of AdeN [9] . Thus, it is understood that any disruption of adeN, either through insertion or by deletion, affects the AdeN activity and accelerates expression of the AdeIJK efflux pump leading to increasing levels of resistance. For the first time, we have identified ISAba1-mediated disruption of adeN in six of our isolates, and such insertions are likely to abrogate AdeN activity allowing the uncontrolled expression of genes of the AdeIJK operon, resulting in elevated resistance to b-lactams and tigecycline [25] . Abrogation of repressor activity due to such insertions could have led to elevated resistance, since all six isolates studied here showed insertion in adeN and were resistant to multiple antibiotics. To our surprise, all these six isolates belonged to IC-II and are of a particular sequence type, ST 195 B .
In our earlier observation, the frequent sequence types were ST 103 B of CC 103 B followed by a novel ST 576 B , which is part of CC 92 B [12] . However, in the present investigation, there was a drastic variation in the MLST results from previous findings wherein ST 195 B was more common and it was followed by ST 447 B and five novel STs. Among the international clones, IC-II seems to be reported all over the globe and we also had more strains that were characterized as IC- [28, 29] . However, the predominance of IC-II in the present study was similar to that of reports of IC-II from other Asian countries such as China, Malaysia and Thailand [30] [31] [32] . Different STs from CC 92 B are reported to vary only in the gpi locus, suggesting that gpi can play a crucial role in discriminating different STs within a clonal complex with high precision [31] . This is true because most of the Asian countries report CC 92 B ; however, they differed in their nomenclature of STs. Each of these individual studies documented novel STs, though they all belonged to the CC 92 B clonal complex. Such observation warrants a need for integration of different MLST schemes into one that investigates only one set of loci. Furthermore, there were no studies relating the OXA variants with different STs of MLST as this study revealed a positive correlation between OXA and CC 92 B clonal complex, and most of the isolates that harbour OXA-23 and OXA-66 were found to be strains that belonged to CC 92 B clonal complex, which is a recently observed phenomenon. Notably at last, this study also identified A. baumannii isolates having ISAba1 linked to a novel variant bla ADC-82 , which are resistant to a wide spectrum of cephalosporins.
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